A method for the palladium on carbon (Pd/C) catalyzed cross-coupling reaction between aryl halides and trialkoxy(aryl)silanes in the presence of a small amount of water is established using tris(4-fluorophenyl)phosphine as the ligand. A range of biaryl compounds is prepared using this protocol.
The palladium-catalyzed cross-coupling reaction between organic halides and organosilanes, the Hiyama coupling, is of practical use due to the low toxicity of organosilanes and the easy access it provides to biaryl skeletons, which are partial structures of various functional molecules, including pharmaceuticals. 1, 2 The development of heterogeneous palladium-catalyzed cross-coupling reactions has attracted significant attention from both environmental and economic points of view, as the catalysts can be readily recovered from the reaction mixture. 3 Although the application of palladium nanoparticles on surfactants, 4 polyethylene glycol, 5 and a dendrimer 6 have been reported as heterogeneous catalysts for the Hiyama cross-coupling, many of them require complicated procedures for their preparation. We have been interested in the application of palladium on carbon (Pd/C), a commercially available conventional hydrogenation catalyst, 7 for crosscoupling reactions. 8, 9 Although a report on the palladium on carbon catalyzed Hiyama coupling was published 10 during the course of our preparation of a previous communication, 11 it focused on the variation in the catalyst activity of palladium on carbon supplied by different vendors toward several types of cross-coupling reactions, including the Hiyama reaction. However, the reaction conditions and substrate scope were not investigated in detail. In our above-mentioned communication, the effect of water as an additive on the reaction progress, the use of tris(4-fluorophenyl)phosphine [(4-FC 6 H 4 ) 3 P] as the ligand, and broad substrate applicability were demonstrated. 11 Furthermore, a ligand-free palladium on carbon catalyzed Hiyama reaction was achieved by the addition of acetic acid. 12 In this report, a detailed investigation leading to optimized conditions in the presence of tris(4-fluorophenyl)phosphine as the ligand, and their applicability to a range of substrates is discussed (Scheme 1).
While the cross-coupling reaction between 1-iodo-4-nitrobenzene and triethoxy(phenyl)silane (1.5 equiv) in the presence of 1,1′-bis(diphenylphosphino)ferrocene (dppf) (10 mol%) and tetra-n-butylammonium fluoride trihydrate (TBAF·3H 2 O) (2 equiv) at 120°C (bath temperature) proceeded disappointingly in alcoholic, ethereal, and polar aprotic solvents (Table 1 , entries 1-9), toluene was found to be a good solvent leading to the desired crosscoupled product, 4-nitrobiphenyl, in 64% yield (Table 1 , entry 10). Although tetra-n-butylammonium fluoride trihydrate and tetra-n-butylammonium fluoride in tetrahydrofuran were both able to activate triethoxy(phenyl)silane to promote the cross-coupling (Table 1 , entries 10 and 15), no reaction took place using other inorganic fluoride salts, probably due to their poor solubility in toluene (Table 1 , entries [11] [12] [13] [14] . Therefore, tetra-n-butylammonium fluoride trihydrate was chosen as the activator of choice for silane derivatives because of its better efficiency in the coupling reactions.
Scheme 1 Pd/C-catalyzed cross-coupling between aryl halides and trialkoxy(aryl)silanes in the presence of (4-F-C 6 H 4 ) 3 No other bidentate ligands, apart from 1,1′-bis(diphenylphosphino)ferrocene, increased the efficiency of the reaction (Table 2, entries 2-5). When triphenylphosphine derivatives were employed as monodentate ligands, the reaction efficiency was affected strongly by the electron density of the aromatic nuclei ( Table 2 , entries 7-14); triphenylphosphine derivatives bearing electron-withdrawing chlorine or fluorine atoms on each aromatic ring were found to be good ligands ( Table 2 , entries 7 and 8). However, no improvement in the yield was observed when using perfluorinated triphenylphosphine as the ligand (Table 2 , entry 9). On the other hand, ligands with one or two electron-donating substituents on the aromatic rings proved to be less effective in this coupling reaction (Table 2 , entries 10-14). Furthermore, monodentate phosphine ligands with bulky and non-aromatic substituents on the phosphine atom, such as tricyclohexylphosphine (Cy 3 P) and 2-(di-tert-butylphosphino)biphenyl (JohnPhos), did not promote the coupling as efficiently ( Table 2 , entries 15 and 16).
When dried tetra-n-butylammonium fluoride 13 was used for the cross-coupling reactions, the efficiency decreased significantly in comparison to those using tetra-n-butylammonium fluoride trihydrate (Table 3 , entries 1 vs. 2 and 6 vs. 7), suggesting that the presence of water promotes the coupling. The yield was improved significantly by adding a small amount of water (4.8 v/v% aqueous toluene) ( Table 3 , entries 3 and 8). Increasing the amount of added water (9.1, 17 or 31 v/v%) did not improve the results further (Table 3 , entries 4, 5, 9 and 10). These results indicate that addition of a small amount of water accelerates the present cross-coupling reaction. Therefore, tris(4-fluorophenyl)phosphine and 4.8 v/v% aqueous toluene were chosen as the optimum ligand and solvent, respectively. [14] [15] [16] [17] Next, the amount of the ligand [(4-F-C 6 H 4 ) 3 P] required for a successful cross-coupling was investigated at 120°C using 10% palladium on carbon (5 mol%) as the catalyst. It was found that 10 mol% of the ligand (2 equiv with respect to the amount of 10% Pd/C) was sufficient to catalyze the cross-coupling without any significant suppression of the reaction efficiency (Table 4 , entries 1-4). Furthermore, the amount of 10% palladium on carbon could be decreased (from 5 mol% to 0.5 mol%) in the presence of tris(4-fluorophenyl)phosphine (1 mol%) to give the corresponding biphenyl in 90% yield (Table 4 , entry 5); a further decrease in the amount of catalyst (to 0.3%) reduced the rate of the reaction (Table 4 , entry 6). The reaction efficiency decreased at temperatures lower than 120°C (Table 4 , entries 7 and 8) and was almost the same at 140°C (Table 4 , entry 9). Hence, subsequent investigations on the substrate scope of the Hiyama crosscoupling were carried out using the combination of 10% palladium on carbon (5 mol%) and tris(4-fluorophenyl)phosphine (1 mol%) at 120°C (Table 5 ). It was found that trimethoxy(phenyl)silanes also reacted with aryl halides to afford the corresponding biphenyls in good yields (Table 5 , entries 2 and 9). Both iodobenzene and bromobenzene derivatives, bearing either an electronwithdrawing or electron-donating group on the aromatic ring, readily underwent cross-coupling with trialkoxy(aryl)silanes regardless of the nature of their substituents and substitution patterns (Table 5 , entries 1-17). However, 1-bromonaphthalene was converted into the corresponding biaryl in a low 31% yield ( the phenylation of both 3-iodopyridine and 3-bromopyridine proceeded smoothly under the present conditions to give the desired phenylpyridines in very high yields (Table 5, entries 19 and 20) . Furthermore, the desired phenylated product was even obtained from the reaction of 1-chloro-4-nitrobenzene, in a moderate yield, despite the low reactivity of chloroarenes based on their difficult oxidative addition to the metal in palladium-catalyzed crosscouplings. We previously found that, during the course of a study on the palladium on carbon catalyzed aromatic amination of aryl halides, 9h a very small amount of palladium leached from the catalyst into the reaction medium when using 1,1′-bis(diphenylphosphino)ferrocene as the phosphine ligand, which proved to be a very active catalyst species. Since tris(4-fluorophenyl)phosphine was used as the phosphine ligand in the present reaction, the extent of palladium leaching was also examined. Following the crosscoupling reaction of 1-iodo-4-nitrobenzene with triethoxy(phenyl)silane (1.5 equiv) under the optimized conditions, the reaction mixture was filtered successively through 0.45 and 0.20 μm membrane filters, and the con- centration of leached palladium species in the filtrate was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Although 3.8% of the used amount of palladium (0.5 mol%) was detected in the filtrate, no palladium species was present in the coupled product after purification by silica gel column chromatography, suggesting that the leached palladium species was removed readily to a less than detectable level (<1 ppm).
In conclusion, we have demonstrated an efficient and practical protocol for the synthesis of biaryls via the palladium on carbon catalyzed heterogeneous Hiyama crosscoupling in the presence of a small amount of water as a promoter. While a small amount of palladium metal leaching from the catalyst into the reaction mixture was observed, the leached palladium species could be removed completely by silica gel column chromatography to afford the uncontaminated cross-coupled product. It is worth noting that only 0.5 mol% of the palladium catalyst was required to promote the cross-coupling effectively. The results of the present investigation complements our previous report on the ligand-free palladium on carbon (0.5 mol%) catalyzed Hiyama cross-coupling reaction in the presence of acetic acid (1.5 equiv) and tetra-n-butylammonium fluoride trihydrate (2 equiv) in toluene.
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10% Pd/C (K-type, NX-type; dry) was supplied by the N.E. Chemcat Corporation (Tokyo, Japan). All reagents and solvents were purchased from commercial sources and were used without further purification. Flash column chromatography was performed using silica gel 60 N (Kanto Chemical Co., Inc., 63-210 μm spherical, neutral).
Hiyama Cross-Coupling; General Procedure A mixture of TBAF·3H 2 O (631 mg, 2.00 mmol), 10% Pd/C (5.4 mg, 5.00 μmol), tris(4-fluorophenyl)phosphine (3.2 mg, 10.0 μmol), aryl halide (1.00 mmol), and triethoxy(aryl)silane (1.50 mmol) in toluene-H 2 O (2 mL/100 μL) was stirred at 120°C under an Ar atmosphere (balloon) until the aryl halide was completely consumed [monitored by GC-MS (JMS-Q1000GC Mk 2 from JEOL, Tokyo) and TLC], and then passed through a Celite pad to remove the catalyst. To the filtrate were added EtOAc (50 mL) and sat. aq NH 4 Cl soln (50 mL), and the layers were separated. The aq layer was extracted with EtOAc (10 mL) and the combined organic layers dried over MgSO 4 , filtered, and concentrated in vacuo. The residue was purified by flash column chromatography on silica gel (hexane-EtOAc) to give the analytically pure biphenyl. The structure of the product was confirmed by comparison of NMR spectroscopic data with those reported in the literature (see the Supporting Information).
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